Recent genetic data on schizophrenia (SCZ) have suggested that proteins of the postsynaptic density of excitatory synapses have a role in its etiology. Mutations in the three SHANK genes encoding for postsynaptic scaffolding proteins have been shown to represent risk factors for autism spectrum disorders and other neurodevelopmental disorders. To address if SHANK2 variants are associated with SCZ, we sequenced SHANK2 in 481 patients and 659 unaffected individuals. We identified a significant increase in the number of rare (minor allele frequency o1%) SHANK2 missense variants in SCZ individuals (6.9%) compared with controls (3.9%, P = 0.039). Four out of fifteen non-synonymous variants identified in the SCZ cohort (S610Y, R958S, P1119T and A1731S) were selected for functional analysis. Overexpression and knockdown-rescue experiments were carried out in cultured primary hippocampal neurons with a major focus on the analysis of morphological changes. Furthermore, the effect on actin polymerization in fibroblast cell lines was investigated. All four variants revealed functional impairment to various degrees, as a consequence of alterations in spine volume and clustering at synapses and an overall loss of presynaptic contacts. The A1731S variant was identified in four unrelated SCZ patients (0.83%) but not in any of the sequenced controls and public databases (P = 4.6 × 10 − 5 ). Patients with the A1731S variant share an early prodromal phase with an insidious onset of psychiatric symptoms. A1731S overexpression strongly decreased the SHANK2-Bassoon-positive synapse number and diminished the F/G-actin ratio. Our results strongly suggest a causative role of rare SHANK2 variants in SCZ and underline the contribution of SHANK2 gene mutations in a variety of neuropsychiatric disorders.
INTRODUCTION
Schizophrenia (SCZ) is a complex mental disorder. According to the DSM (Diagnostic and Statistical Manual of Mental Disorders) it is characterized by delusions, hallucinations, disorganized speech, grossly disorganized or catatonic behavior, and negative symptoms. Its life-time prevalence worldwide is about 1%. 1 Genetically, SCZ is a heterogeneous heritable disorder. 2 Genome-wide association studies, [3] [4] [5] [6] [7] [8] copy number variation (CNV) analysis [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and exome-sequencing studies [21] [22] [23] [24] [25] [26] [27] have pinpointed to distinct loci and genes associated with SCZ. A large fraction of the associated genes are involved in excitatory synapse formation, function and plasticity.
The SHANK protein family is composed of three multidomain scaffolding proteins residing at the postsynaptic density of excitatory glutamatergic synapses. 28, 29 SHANK proteins are known to form large homomeric and heteromeric complexes. By numerous specific protein-protein interactions, SHANKs are either directly or indirectly linked to other structural proteins, cell adhesion molecules, receptors, ion channels and to actininteracting proteins at the postsynaptic density. 30 Mutations of all three SHANK family members, SHANK1-3, have already been associated to neurodevelopmental disorders like autism spectrum disorders (ASDs) or intellectual disability (ID). [31] [32] [33] [34] There is recent evidence for a genetic as well as a biological overlap between ASD and SCZ. In addition, further overlaps with other neuropsychiatric disorders may exist depending on the genetic background and exposure to environmental risk factors. 35 For ASD and SCZ, the same pathways and networks appear to be affected, which are converging to excitatory synapses, possibly affecting synaptic plasticity. As several synaptic proteins like neurexins and neuroligins are interaction partners of the SHANKs and associate with both disorders, the question arises if variants in the SHANK genes themselves can be associated with SCZ.
So far, common variants in the SHANK1 gene were reported to be associated with reduced auditory working memory in SCZ 36 and a rare de novo loss-of-function mutation affecting SHANK1 was recently found in a large-scale exome-sequencing study. 21 In addition, two de novo SHANK3 mutations were identified in a cohort of 185 SCZ individuals (R536W, R1117X). 37 Overexpression of the R1117X variant in hippocampal neurons led to an accumulation of mutated protein within the nucleus of the neuron, altering the transcription of several SCZ risk genes such as Synaptotagmin 1 and LRRTM1. 38 These findings provided first evidence that SHANK genes might indeed contribute to the etiology of SCZ.
In this study, we focused on SHANK2, the only SHANK family member for which no association with SCZ was reported so far. SHANK2 mutations were identified in ID and ASD patients. 32, 34, 39 Two different SHANK2 knock-out mouse models are available that show alterations in N-methyl-D-aspartate glutamate receptor (NMDAR) function 40, 41 and there is good evidence that NMDAR signaling might be impaired in SCZ. 42 In addition, recent CNV analysis and exome-sequencing studies in SCZ patients have reported an enrichment of de novo mutations in members of the NMDAR signaling complex. 14, 21 Therefore, the aim of our study was to identify variants in the SHANK2 gene in a SCZ patient cohort, analyze their impact on a functional level and determine a possible association with SCZ. To that end, we sequenced the SHANK2 gene in 481 SCZ patients and in 659 controls. Based on the comparison to unaffected controls, on mutation frequency rates and on in silico prediction results, we selected four missense variants for further functional testing.
MATERIALS AND METHODS

Ethics statement
The study was approved by the Ethics Committees of the Universities of Heidelberg and Bonn, Germany.
Patients
The sample comprised 481 cases (275 males and 206 females; mean age = 32.6+10.4 years) drawn from consecutive admissions to inpatient psychiatric units in Germany. A total of 403 cases fulfilled DSM-IV (DSM, 4th ed.) diagnostic criteria for SCZ, 71 for schizoaffective disorder and 7 for schizophreniform disorder. Diagnostic assessment involved a best estimate approach and the Interviews for Psychiatric Genetic Studies (IPGS), a comprehensive inventory for phenotype characterization. 43 The IPGS comprises: (i) the Structured Clinical Interview for DSM-IV Disorders; (ii) the Operational Criteria Checklist for Psychotic Illness program; 44 (iii) a review of medical records and (iv) family history assessment. Our cohort comprised purely schizophrenic patients (according to the diagnostic criteria of the DSM-IV that the disturbance is not due to a general medical condition). Patients with mental retardation, which could have confounded the diagnosis of SCZ, were excluded from the cohort. All subjects were of German descent. All participants were informed about the study and provided written informed consent before study inclusion. Samples of the four individuals with the A1731S variant were subjected to genome-wide genotyping as part of a larger study. Using these data, genome-wide identity-by-state scores were calculated. The respective pair wise identityby-state scores are o1.65, indicating that no close biological family relationship exists between any two of the individuals. Short clinical reports for these individuals are available in Supplementary Information 1. As a control, DNA from unaffected individuals of European ancestry was used. 32 
Sequencing
Sequencing primers that cover the SHANK2-SH3 isoform were described previously ( Supplementary Table 1 ). 32 PCR amplifications were performed with Paq5000 polymerase (Stratagene, La Jolla, CA, USA) or with Expand High Fidelity PCR System (Roche, Mannheim, Germany). Generated products were analyzed on agarose gels, purified and sequenced directly using the DYEnamic ET Terminator Cycle Sequencing Kit (GE Healthcare, Munich, Germany) and the MegaBACE 1000 DNA Analysis System (GE Healthcare).
Data analysis
Simple burden test for rare SHANK2 missense variants with minor allele frequencyo1% was performed, by comparing their accumulated frequency in SCZ cases and controls. Data were analyzed with the statistics program BIAS for Windows, using a two-sided χ 2 test with Yates correction (University of Frankfurt/Mainz, Mainz, Germany). In addition, a set-based test implemented in VEGAS 45 was applied to the SCZ2 data set of the Psychiatric Genomics Consortium (full single-nucleotide polymorphism (SNP) results, http://www.med.unc.edu/pgc/files/resultfiles/scz2.snp.results. txt.gz%20%20). The test investigates evidence for association on a per gene basis by considering the P-values of all SNPs for each gene including 50 kb from the 5' and 3' UTR, while taking into account the number of SNPs per gene and linkage disequilibrium between markers. All SHANK2 missense variants identified in SCZ patients were analyzed with different prediction programs (MutationTaster, PolyPhen2, SIFT; Supplementary  Table 2 , December 2011). Prediction programs changed over time and the outcome was slightly different in March 2014 ( Supplementary Table 3 ). Variant A1731S was assessed for potential splicing alterations with the Alamut Visual Software (Interactive Software, Rouen, France), which contains the algorithms SpliceSiteFinder, MaxEntScan, NNSPLICE, GeneSplicer, Human Splicing Finder, ESE-Finder and RESCUE-ESE.
Plasmid constructs
All SHANK2 constructs were cloned in pENTR vectors (Invitrogen, Carlsbad, CA, USA). pENTR2B-SHANK2-SH3 WT was generated in our laboratory. 46 pENTR2B-SHANK2-SH3 S610Y, R958S, P1119T, and A1731S were generated using the QuikChange Lightning Site-directed Mutagenesis Kit (Stratagene). The coding sequence of each clone was sequenced to confirm the introduced mutation and to rule out additional unwanted mutations. The described SHANK2E isoform clones were created by modifying the corresponding pENTR2B-SHANK2-SH3 plasmid using the SLiCE cloning system. 47 All PCR amplified regions in the constructs were sequenced. Shank3 was subcloned from pGW1-HA-Shank3 expression construct (gift from Dr C Sala) into pENTR3C. 48 SHANK expression constructs were generated by transfer to the corresponding DEST vectors using the Gateway recombinant technology (Invitrogen). Detailed description of the cloning procedures and complete list of all used DEST vectors is presented within Supplementary Information 2. The small hairpin RNA constructs were previously described. 46 The pGFP(C3)-Vinculin construct was generated in the K. Hahn lab (Addgene, Cambridge, MA, USA, Plasmid 30312). RFP-actin construct was a generous gift from Dr U Engel (NIC, Heidelberg, Germany).
Cell culture and transfection COS-7 and HEK293 cells were maintained in DMEM media (GIBCO, Carlsbad, CA, USA) supplemented with 10% fetal calf serum, 1 mM glutamine, 100 U ml − 1 penicillin and streptomycin. Cells were transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer's guidelines.
Protein, antibodies and western blots
Protein isolation and western blot analysis were performed using standard protocols. We used the following primary antibodies: mouse anti-Shank2 (UC Davis/NIH NeuroMab Facility, Davis, CA, USA), rabbit anti-actin (Cytoskeleton, Denver, CO, USA) and rabbit anti-GAPDH (Abcam, Cambridge, UK). IRDye 800CW and IRDye 680 (LI-COR Biosciences, Lincoln, NE, USA) served as secondary antibodies. All western blot band quantification procedures were performed using Image Studio Lite 3.1 software (LI-COR Biosciences).
Imaging and quantitative analyses of spine morphology and dendritic branching patterns
Dissociated primary hippocampal neurons from rat were prepared and transfected as described. 46 To determine the effect on spine volume, the mCherry-SHANK2-SH3 constructs were co-transfected with GFP at 10 days in vitro (DIV) and processed for confocal microscopy at 18 DIV. Highresolution z-stack images of GFP-positive neurons were taken with the × 63 objective of the confocal laser scanning microscope (Carl Zeiss, Jena, Germany). The imaging was performed by a second independent person who was blind to the case-control status of samples. Neurons displaying pyramidal morphology and positive for the respective fluorescence markers were chosen randomly and spine volumes were subsequently analyzed with the Fiji software. Signal intensity levels of each construct were similar, excluding the possibility of effects of transfection efficiencies. To investigate the dendritic branching patterns, we took fluorescent images of randomly selected neurons with upright Ni-E microscope (Nikon, Tokyo, Japan), equipped with Nikon Plan Apo λ x20 objective and DS-Qi1Mc camera (Nikon). For digitalization and analysis of the dendrite morphology, we used the 'Bonfire' program according to its manual. 49 Investigation of the role of rare SHANK2 variants in schizophrenia S Peykov et al
Quantitative analysis of rat hippocampal neurons for synaptic density analysis
Primary hippocampal neurons from embryonic day 18/19 (E18/19; Sprague-Dawley rats, Animal Facility, Ulm University or JANVIER LABS, France) were prepared and cultured as described elsewhere. 40 After 14 days in vitro (DIV14), neurons were transfected with 1 μg DNA per well (30 000 cells per well). The cells were fixed at DIV15 with 4% paraformaldehyde, washed with phosphate-buffered saline and treated with Triton X-100 and fetal calf serum (alternatively horse serum and BSA) for permeabilization and blocking, respectively. Immunostaining was performed with anti-Bassoon antibody (1:500-1:800) and a respective second antibody. 4′,6-Diamidino-2-phenylindole was used for nuclei staining. Images of randomly chosen transfected neurons with pyramidal cell morphology and an intact nucleus were taken by a second person with a fluorescent microscope at x40 magnification and cells were analyzed with Axiovision software (Carl Zeiss). For SHANK2 synaptic clustering, we counted SHANK2 puncta co-localizing with Bassoon along 41 dendrite. For presynaptic density, we counted Bassoon puncta along 41 dendrite. Significances were evaluated via Student's t-test with 10-17 cells per condition from two to four preparations. P-values o0.05 were stated significant (*Po0,05, **P o0,01, ***Po0,001).
Live cell imaging
We 
F-to G-actin ratio
The F-to G-actin ratio was measured with an Actin Polymerization Assay kit (BK037, Cytoskeleton) according to the provided manual. HEK293 cells were co-transfected with SHANK2 constructs in tag-free pCS2-DEST vector and RFP-actin. After 2 days of incubation, cells were resuspended in F-actin stabilization buffer containing protease inhibitor mix and 1 mM ATP. F-actin was pelleted by centrifugation at 100 000 g/37°C for 60 min (Optima LE-80 k Ultracentrifuge, SW55Ti rotor, Beckman Coulter, Brea, CA, USA). Actin quantification was performed by western blot using the provided rabbit anti-actin antibody (Cytoskeleton) and secondary anti-Rabbit IRDye 800CW antibody (LI-COR Biosciences). The F-and G-actin band intensities were determined using an Odyssey infrared imaging system (LI-COR Biosciences). F-and G-actin values for SHANK2E WT and SHANK2E A1731S were normalized to the SHANK2 expression level using data from additional western blot experiment with anti-Shank2 and anti-GAPDH antibodies.
RESULTS
The SHANK2 protein comprises different functional domains including an N-terminal ankyrin repeat, a Src homology 3 (SH3), a PSD95/DLG/ZO1 (PDZ) and a C-terminal sterile alpha motif domain, which exist in different combinations in different isoforms ( Figure 1a ). Four different isoforms have been described: SHANK2E (AB208025), SHANK2-SH3 (AB208026), SHANK2-PDZ (AB208027) and SHANK2-Short (AF141901). 27 To identify genetic variants in SHANK2, we sequenced the exons including the exon-intron boundaries of the SHANK2-SH3 isoform using genomic DNA isolated from 481 SCZ patients (from 177 individuals parental DNA and parental clinical information were available) and 659 unaffected controls. In total, we identified 10 intronic, 12 synonymous and 15 non-synonymous variants (Supplementary Table 3 ). The total number of missense variants in the SCZ and control group was comparable ( Supplementary  Table 4 ). When we analyzed the frequency of rare missense variants (minor allele frequency o1%) in SCZ and control individuals, 6.9% of SCZ patients (33/481) and 3.9% of controls (26/659) were identified as carriers, pointing to a higher frequency of rare SHANK2 missense variants in SCZ (P = 0.039, χ 2 test with Yates correction; Supplementary Table 5 ). SCZ individuals from our study also had a higher frequency (3.6%, 17/466) of rare probably deleterious variants (PolyPhen2) than controls (2.5%, 27/1063).
When we tested the association of the SHANK2 gene in the largest SCZ genome-wide association study to date, 3 a significant P-value (P = 0.012) resulted, indicating also the contribution of common SHANK2 variants to SCZ etiology. In total, 244 SNPs were considered for the analysis. The SNP with the best P-value (rs11236491, P = 0.00012) resided in an intron of the gene. Ten of the fifteen missense variants in SCZ individuals exclusively occurred in the patient group but not in any of sequenced controls. Five of the variants were inherited (T438M, P1144L, V1608I, L1646M, A1731S, Figure 1b ), all with a transmission from the apparently unaffected mother to the schizophrenic son. The inheritance status of the remaining variants (G488V, S610Y, N690S, R958S, P1119T, Figure 1b ) could not be determined due to lack of parent DNA. Altogether, we detected rare novel SHANK2 missense variants in 2.7% of SCZ individuals. The schizophrenic subtype of these individuals with SHANK2 variants varied: six suffer from the paranoid, four from the disorganized, one from the catatonic, one from the residual subtype and one individual was classified with schizoaffective disorder (Supplementary Table 6 and Supplementary Information 1).
The most frequent SHANK2 variant in our study was the aminoacid exchange A1731S, which was identified in four unrelated SCZ patients, the only rare variant identified more than once. It was inherited from apparently healthy parents in two of the four patients. Variant A1731S occurred in 0.83% of SCZ individuals and was not detected in 5338 controls (HEVS n = 4300, TGP n = 379, sequenced controls n = 659). In the Human exome variant server, this region has good sequence coverage (67x) and therefore we consider this set of data as an appropriate control. Comparing the frequencies between SCZ cases and controls, we detected a significant difference (P = 4,6 × 10 − 5 ; two-sided Fisher's exact test) for A1731S.
To address the functional significance, we analyzed four of the newly discovered SHANK2 variants (S610Y, R958S, P1119T and A1731S). Three of them (S610Y, R958S and P1119T) were selected because they had the highest expected probability for a functional effect by three different in silico prediction tools (MutationTaster, PolyPhen2 and SIFT; Supplementary Table 2 ). Variant P1144L was not considered, despite a high prediction score, because it resides in proximity to P1119T and the change in physico-chemical properties is less severe. On sequence level, the conservation of an affected amino-acid position is the main parameter influencing the prediction outcome by the used tools. Furthermore, structurebased predictions consider the physico-chemical characteristics of the amino acids and the effect of a given substitution on the protein structure and properties. Even though the A1731S variant was predicted to be benign by several (but not all) prediction programs, it was chosen because of its repeated occurrence in SCZ patients and absence in controls. Splicing was not affected by A1731S as predicted by several splice site prediction algorithms of the Alamut software.
Three of the selected variants (R958S, P1119T, A1731S) reside in the three major SHANK2 isoforms (SHANK2E, SHANK2-SH3 and SHANK2-PDZ) that were already confirmed on protein level (Figure 1a ). The S610Y variant is not present in SHANK2-PDZ nor SHANK2-Short isoforms but localizes to a highly conserved region between the SH3 and the PDZ domain and was additionally found in an individual with ID from a previous study. 32 In a first step, we cloned expression constructs for SHANK2 wild type and the variants with N-terminal fusion of mCherry corresponding to the SHANK2-SH3 isoform (Figure 2a) . Overexpression of the different constructs in HEK293 cells, followed by western blot analysis with a SHANK2-specific primary antibody, revealed an identical size of the wild-type protein and the mutants (Figure 2a ). To study the effects of SHANK2 variants on primary hippocampal neuron morphology, we co-transfected the four variants and the wild-type construct with a GFP-expression vector for whole cell filling (Figure 2b ). Laser scanning confocal microscopy was used to obtain z-stack images of mCherry-and GFP-positive neurons to measure the fluorescence intensity of GFP within the twodimensional projections, which in turn allowed us to calculate the relative spine volumes. Overexpression of SHANK2-SH3 wild type significantly increased the spine volume, compared with neurons transfected with GFP and empty mCherry-vector (Figure 2c) . Two of the four variants, S610Y and P1119T, did not increase spine volume to a similar extent as SHANK2 wild type (Figure 2c ), pointing to an impairment of protein function. We also measured spine density and the branching of the dendritic arbor. To quantify dendritic arbor complexity, we performed Sholl analysis and analyzed the total number of branching points and terminal points as well as the total neurite length per neuron. All tested four variants showed no significant differences to SHANK2 wild type suggesting that spine density and dendrite branching were not affected ( Supplementary Figures 1 and 2) .
Next we investigated the ability of the SCZ mutants to rescue morphological effects of Shank2 knockdown in primary hippocampal neurons using previously designed and validated small hairpin RNA against rat Shank2. 46 The initial Shank2 knockdown experiment revealed a decrease in spine volume as well as a shift of the predominant spine morphology from mature mushroomlike toward immature, thin and filopodia-like. In addition, we observed an increase in dendritic branching but no effect on spine density, as previously described. 46 The four different SHANK2 mutants and the wild-type constructs were co-transfected to rescue the Shank2 knockdown phenotype. The S610Y and P1119T mutants showed a significantly reduced ability to rescue the small hairpin RNA-induced decrease in dendritic spine volume compared with the SHANK2 wild type (Figure 2d ).
To investigate whether the SHANK2 mutants identified in SCZ individuals have an influence on synaptic clustering and contacts, immune stainings with the presynaptic marker Bassoon were carried out in primary hippocampal neurons (Figure 3a) . Subsequently, the co-localization of the Bassoon puncta with the mCherry-SHANK2 wild type and mutants at the synaptic contacts was quantified. Overexpression of the different SHANK2 variants showed a significant reduction of recombinant SHANK2 clustering at synapses for all variants (Figure 3b ). We observed an overall loss of presynaptic contacts reaching transfected cells for all four variants, as revealed by a significant reduction of Bassoon puncta along dendrites (Figure 3c ). No effect, however, was seen in the ratio SHANK2 containing synapses to Bassoon puncta along dendrites (Figure 3d ). The strongest effect with a remarkable reduction in the number of Bassoon-positive synapses along the dendrites was detected for the R958S and A1731S variants (Figure 3b ). The strongest loss of presynaptic contacts was seen for the S610Y variant (Figure 3c ). Together, these results suggest that overexpression of all four tested SHANK2 variants in primary hippocampal neurons lead to an impairment in synaptic clustering and an overall loss of synaptic contacts.
As the SHANK family members and their interaction partners are involved in actin dynamics in neurons, another key point of our study was to investigate whether different SHANK2 variants have an effect on actin structures. [50] [51] [52] [53] Therefore, we overexpressed SHANK2-SH3 together with RFP-actin in COS-7 cells and used Shank3 as a control, because it is known to localize to the tip of actin filaments. 54 We used live cell TIRF microscopy to observe the localization of used constructs. SHANK2-SH3 protein formed intracellular aggregates of different sizes and did not localize to the actin fiber tips. Taking into consideration, the sequence similarities between the largest SHANK2 isoform SHANK2E and Shank3, we decided to overexpress SHANK2E. In contrast to Shank3, however, we observed compact aggregates of SHANK2E surrounding the tips of the actin fibers (Figure 4a ). Furthermore, SHANK2E protein was located in vicinity to the focal adhesion marker vinculin, suggesting a possible interaction with the capping proteins that control the actin filaments growth and filopodia formation (Figure 4b) . 55 Subsequently, we introduced the four different variants into the SHANK2-SH3 and SHANK2E isoforms ( Supplementary Figure 3) but obtained no obvious different localization compared with wild-type proteins. Finally, we performed an actin polymerization assay to quantify the ratio of filamentous (F) to globular (G) actin in HEK293 cells. Interestingly, only the A1731S variant indicated a decreased F/G-actin ratio in our experiments (Figure 4c ), suggesting an impairment of actin polymerization. This impairment can probably be linked to the strong reduction of synaptic contacts observed for the A1731S variant.
DISCUSSION
In this study, we analyzed the sequence of the SHANK2 gene in a cohort of 481 SCZ patients and revealed an increased burden of rare SHANK2 missense variants in these individuals compared with controls. The difference in frequency of rare predicted deleterious variants between patients and controls did not reach statistical significance but a trend was noted. The assessment of rare deleterious variant frequencies may be limited by the size of our studied cohort (500 SCZ individuals) and the accuracy of the prediction tools.
Overall, 2.7% of patients harbor novel missense SHANK2 variants that were not found in our sequenced controls. These 10 rare variants are to our knowledge the first identified SHANK2 variants in patients with SCZ. As SHANK2 mutations have been previously identified in patients with ID and ASD, we first and YFP-Shank3 wild type were co-transfected together with RFP-actin into COS-7 cells. Live cell widefield epifluorescence and TIRF images are presented. SHANK2-SH3 wild type formed intracellular aggregates of different sizes and did not localize to the actin fiber tips. YFP-SHANK2E formed compact aggregates around the actin fiber tips. The same localization was observed with C-terminal SHANK2-SH3-YFP and SHANK2E-YFP constructs (data not shown). YFP-Shank3 was used as a control because it co-localizes to the actin fiber tips. Scale bars: 20 μm (main panels); 5 μm (insets). (b) YFP-SHANK2E wild type was co-transfected together with the focal adhesion marker GFP-vinculin into COS-7 cells. TIRF images are presented. SHANK2E protein accumulated around the focal adhesions but did not co-localize with vinculin. Scale bars: 20 μm (main panels); 5 μm (insets). (c) F/G-actin ratio measurements for all variants tested and SHANK2E-WT in HEK293 cells. Each condition was tested in three independent transfections with two replicates each. (d) A1731S variant and SHANK2E-WT were additionally analyzed in three independent transfections with three replicates each. The A1731S/WT results were normalized to the SHANK2 protein amounts via second western blot with anti-SHANK2 and anti-GAPDH antibodies. All values are shown as mean+standard deviation. Wild-type value is normalized to 1. *P ≤ 0.05 (two-tailed paired t-test). compared the variants between the different disorders. 39, 46 Previous sequencing of SHANK2 coding exons and exon-intron boundaries in ID and ASD cohorts of 851 patients yielded 1 de novo stop mutation (R462X), 1 inherited micro-duplication of 6 nucleotides and 13 rare missense variants, which were not found in 1090 controls. 27, 32 All the reported ASD missense variants were either shown to be inherited or no parental DNA was available for sequencing, similar to the findings in our SCZ cohort. One of our four functionally tested SCZ variants, S610Y, was also previously identified in an individual with ID suggesting that distinct SHANK2 mutations can contribute to the etiology of more than one brain disorder. Copy number screenings also have identified several SHANK2 de novo deletions in ASD patients 32, 39 but no CNVs of this chromosomal region have been reported in SCZ individuals so far.
The SCZ patients participated also in a genome-wide CNV screen. 56 No SCZ-associated CNVs were found in cases harboring candidate SHANK2 variants.
All identified SHANK2 variants in SCZ patients were heterozygous and either inherited from apparently unaffected parents or are of unknown origin, suggesting variable penetrance (in twothirds of the patients, parent information was not available). In all five individuals with inherited mutation, the transmission was from mother to son, similar to previous findings in ASD patients. The reasons for this gender preference are not clear.
Demonstrating the causality of rare missense variants is a common challenge in targeted gene mutation screenings. To assess the potential impact of the variants on protein function, we performed various in vitro assays using primary hippocampal neurons and cell lines (COS-7, HEK293) as a model. The four tested variants (S610Y, R958S, P1119T and A1731S) were initially selected based on in silico predictions, frequency and absence in the 1000 Genome project and Human exome variant server databases. Three of them, S610Y, R958S and P1119T, are affecting highly conserved amino-acid positions in SHANK2 with high predicted probabilities to impair protein function ( Supplementary Tables 2  and 7 ). In contrast, the A1731S variant does not locate to a very highly conserved region and was considered to be benign by several prediction softwares ( Supplementary Tables 2 and 7) . A reduced number of SHANK2-Bassoon-positive synapses was measured for variants S610Y, R958S and P1119T, supporting the hypothesis that conservation of a given affected amino acid is a good indicator for a functional output. 39 Two of the variants, S610Y and P1119T, also show a reduced ability to increase dendritic spine volume. Reduction in the potential for spine enlargement was observed before for isolated SHANK2 variants in ASD and ID. 32 The A1731S variant was found four times in 481 SCZ patients and has not been detected in 5338 controls, which makes it a potent risk factor for SCZ (P = 4,6 × 10 − 5 , two-sided Fisher's exact test). To reach this number of unaffected controls, we integrated our control group of German individuals with European American individuals from the Human Exome Variant Server and from the 1000 Genome project. However, A1731S was also not present in individuals with different ethnic origins in these databases. Such high frequency of detection is unique for a SHANK2 mutation found in individuals with neuropsychiatric disorders so far.
Another interesting point is the apparent overlap in the clinical picture of the four patients sharing the A1731S mutation. All four carriers share an early prodromal phase with an insidious onset of psychiatric symptoms. In addition, all these patients displayed a substantial ego disturbance (depersonalization), persecutory delusions and auditory hallucinations. Parental age at birth was high and varied between 36 and 54 years in fathers and 33 and 39 years in mothers. These findings will be interesting to replicate in a larger patient cohort. High parental age, especially high paternal age, increases the probability for additional de novo mutations, which may further contribute to the SCZ manifestation in these individuals. [57] [58] [59] To our surprise, the functional assays also underlined A1731S as a variant with strong effect among the functionally tested SCZ variants. In overexpression experiments, mCherry-A1731S showed reduced number of Shank2-Basoon-positive synapses. Another interesting finding is that A1731S was the only variant analyzed that showed a significant effect on the F/G-actin ratio in HEK293 cells. This parameter attracts attention since synapse structure and function are known to take advantage of actin as stable, but yet dynamic structural components. A diminished actin polymerization could be the explanation for an impairment in synapse formation and maintenance, which is indicated by a reduction of synaptic clustering of the overexpressed SHANK2 mutant and the reduced number of presynaptic contacts. The absence of a dendritic spine phenotype is surprising but actin also contributes to morphologically undetectable functions. Alterations in the organization of the junction scaffold components or assisting the trafficking of the whole synaptic machinery can lead to functional disturbances in neurotransmission without visible effect on spine structure. 60 Combined with its frequency in patient samples, variant A1731S sets apart from the other missense SHANK2 variants identified in different disorders. 39, 46 The in silico analysis excluded possible splice site disruptions, suggesting that the effect of this variant in patients is likely due to the aminoacid exchange. Its location in near proximity to the sterile alpha motif domain proposes a possible effect on the dendritic localization and the self-multimerization of the mutant protein, two features of SHANK2 that are highly dependant on intact Ctermini. 61, 62 Regardless of its strong functional effect, A1731S resides at a position with low conservation and was predicted as benign by most prediction tools (Supplementary Table 3 ). The idea that SCZ pathogenesis may occur in evolutionary recent neural cell types and circuits may be an explanation for the presence of serine as a wild-type allele in some species. Comparison of functionally analyzed missense SHANK2 variants (from both our and a previous study) 39 to the corresponding in silico predictions indicates significant rates of false predictions ( Supplementary Table 8 ). This lead us to the conclusion that analysis based only on prediction results may lose valuable information and associated rare SHANK2 missense variants should be functionally assessed independent of their prediction status.
In summary, the accumulated evidence strongly suggests that the identified variants represent risk factors for SCZ. Combined with previous data of SHANK1 and 3, our work underlines the SHANK gene family and their allelic variants to appear in key neuronal pathways and circuits in the postsynaptic density of excitatory neurons and, when perturbing their function causing disease (for example, ID, ASD and SCZ). The exact molecular mechanisms and networks affected by SHANK2 mutations in SCZ remain unclear at this point but it is likely that alteration in NMDAR function is involved. This hypothesis is supported by two SHANK2 mouse models that carry different deletions, comparable to those identified in ASD patients. 40, 41 Further useful model systems to address these questions may include induced pluripotent stem cell lines reprogrammed into neurons to study the underlying molecular and cellular mechanisms.
